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Our study aims at probing the typical masses of the smallest and faintest galax-
ies that have ever formed in the universe. We carry out numerical simulations to
characterize the size, stellar mass, and stellar mass surface density of stellar halos
as a function of dark matter halo mass and a parameter that dictates the amount
of stellar mass. We expect that for galaxies smaller than a critical value, these
ghostly halos will not exist because the smaller galactic subunits that build it up,
do not form any stars. Our results indicate the introduced parameter dominates
the behaviors of stellar halos over dark matter mass. This indicates finding the
appropriate parameter value is crucial to characterize these halos. We also find
redshift contributes to the behavior of stellar mass but has no significant impact
on the size of stellar halos.
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1 Introduction
Experiments and observations suggest dark matter exists. For example, the
dynamics of galaxies indicates there should be more matter than what we see.
Dark matter has zero luminosity and only interacts gravitationally [1]. In cold
dark matter (CDM) cosmology, where the term ”cold” refers to non-relativistic
dark matter, galaxy formation is hierarchical: galaxies grow by accreting smaller
mass galaxies. The accretion of these galaxies produce an extended stellar halo,
with a luminosity that depends on how luminous the accreting galaxies are and
a size that depends on the number of mergers. An extended stellar halo, which
consists of stars and surrounds the galaxy, is followed by an even larger halo of
dark matter. A stellar halo is observed around the Milky Way, but not much is
known about stellar halos around dwarf galaxies. We define dwarf galaxies to have
dark matter halo mass, Mdm < 10
10M. In a dwarf galaxy, most of stars in the
stellar halo have formed in pre-reionization era and had little star formation since
then. Such a dwarf galaxy is categorized as a ”true fossil” [2]. Before reionization,
the universe was said to be in ”dark ages.” Most of the matter in this era was
dark matter and the universe was neutral i.e. no luminous objects had formed.
Slowly, gravitational collapse of overdense regions of dark matter led to halo-like
structure formations. As structure formation proceeded, temperature variations
developed. This started the reionization era and first stars began to form. After
reionization, redshift z ∼ 6, gas in the universe became hot and the force from
thermal pressure overcame gravitational pull for galaxies with dark matter halo
mass, Mdm < 10
10M. Thus stellar halos around true fossils have an extremely
low surface brightness and it is hard to observe them. Consequently, we call these
dim halos, ”ghostly halos” [3]. By studying its properties such as radius, stellar
mass, stellar mass surface density, we may be able to answer the question of what
the typical masses of the smallest and faintest galaxies are. Furthermore, we may




2.1 Stellar Halo Models
In order to estimate the increase of the stellar radius as a result of mergers, we
adopt the formalism in [4, 5] used to describe the build up of bulges as a result
of minor and major merger events. The final effective radius, radius at half of
the total luminosity is emitted, of the stellar component in a binary merger of two














where M1 and M2 are initial masses of the stellar spheroids, Mf = M1 + M2 is
the final stellar halo mass, forb contains information about the orbital energy of
the merger event, and ft describes the energy transfer between the stellar and the
dark matter components. The parameters of order of unity f1, f2 and ff , depend
on the detail of the dark matter and stellar structure of the initial galaxies and the
final galaxy, respectively. These parameters can only be obtained using numerical
simulations as they encode both the gravitational potential energy and the internal
kinetic energy of the galaxy.
However, if we assume perfect homology (i.e. the profiles of galaxies are the
same up to scaling constants) and a parabolic orbit with no energy transfer between
the dark matter and the stellar component, then ff = f1 = f2 and forb = ft = 0,










If we further assume constant radius for each initial halo mass and we consider












Here R0 is the effective radius of the merging galaxies and M∗,i is their stellar
mass. The stellar mass can be related to the total dark matter halo mass:








Parameter β is introduced to account for various possible stellar masses for a given
dark matter mass. Parameters ε and M0 correspond to the Milky Way galaxy and
act as normalization factors in our models.
We now assume radius for each initial halo mass depends on dark matter halo





where α = 1/3, which comes from the
virial theorem that the radius of the stellar component is a constant fraction of
















Surface brightness of the stellar halo is related to luminosity and radius. Since
our simulation contains no star formation, we assume M∗ ∝ L where L is lumi-










2.2 Simulation Code and Model Parameters
In order to estimate Rf in equation (2.6) we need to know the merger history
of a galaxy. We express today’s mass of a galaxy in dark matter mass Mdm. We
use a Monte-Carlo merger tree code [7] based on the extended Press-Schechter
formalism to produce several realizations of the merger history of galaxies in halos
of mass Mdm.
The merger tree code starts at some redshift z > 0. It creates n number of
trees and merges smaller galaxies differently for each tree. Because there is no star
formation, the total stellar mass is the sum of stellar components in the starting
galaxies. At the end of the simulation, stellar mass is conserved and we expect a
decrease in surface brightness.
Figure 2.1: A schematic of a merger tree. Size of the nodes represent the size
of the galaxies.
In our simulations, redshift values are chosen at z ∼ 10 and z ∼ 6 because
reionization of the universe began around z ∼ 10 and ended around z ∼ 6. Present
day dark matter halo masses range from 5 × 109M to 1012M to cover a wide
range of dwarf galaxies up to the Milky Way (1012M). Parameter β broadly
ranges from 0 to 2 based on current observational data which shows brightest
galaxies have β = 0 and faintest galaxies, that cannot be detected, have β = 2.
We expect brightness of ghostly halos to fall within this range. Our simulation
is further constricted by the mass resolution, which sets a limit to the smallest
galaxy possible that can merge. Mass resolution, Mres is set at 5× 106M. Each
simulation
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run at each fixed parameter, mentioned above, creates 30 trees to account for
different ways the final galaxy is formed and outputs the final effective radius and
stellar mass surface density for each tree.
3 Results and Discussion
We carry out simulations to investigate how our parameters impact final ef-
fective radii of stellar halos, stellar masses, and stellar mass surface densities of
merged galaxies. Each simulation data point is the average of 30 points (we have
assumed Gaussian distribution among scatter points for the purpose of this study).
3.1 Final Effective Radius
Fig. 3.1 and Fig. 3.2 represent final effective radii for different parameter
values.
Figure 3.1: Average final effective radii profiles for redshift z ∼ 10. Legends
represent dark matter halo masses of the present day. Simulation data points
are fit as a function of dark matter halo mass and β.
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Figure 3.2: Same profiles as Fig 3.1 but for redshift z ∼ 6 instead.
We fit the data points as a function of dark matter halo mass normalized to the







Our goal is to find Rf,0 and γ. If we set Mdm = M0, then Rf = Rf,0. However,
M0 = 10
12M. This allows us to use Mdm = 10
12M data points to find Rf,0:
Rf,0 = 10
a′β2+b′β+c′ . (3.2)
We find γ in the following ways. We first fix β and fit as a function of Mdm. It
turns out Rf ∝ Mκdm where κ depends on β. We then take different values of κ
and fit as a function of β using quadratic regression, which gives us γ(β). Thus,








We said the size of stellar halos depends on the number of mergers. By having
a higher present day dark matter halo mass, it allows the simulation to have more
mergers. Indeed, this is evident in the plots; we see larger halos for larger masses.
It is interesting to note with no β dependence i.e. β = 0, effective radii of stellar
halos vary significantly by dark matter halo mass. Once β is taken into an account,
it dominates over the mass and final radii converge as β increases. This can be
explained by examining (2.4)and (2.5), we see stellar mass depends exponentially
on β. We get the largest stellar mass possible for β = 0 and the smallest for β = 2.
3.2 Stellar Mass
We have assumed M∗ ∝ L. This corresponds to our code where no star forma-
tion occurs. Our simulations output final effective radii of stellar halos and stellar
mass surface densities. Using (2.9), we find M∗ and plot its dependence on β and
Mdm as shown in Fig. 3.3 and Fig. 3.4.
Figure 3.3: Average stellar mass profiles for redshift z ∼ 10. Legends represent
dark matter halo masses of the present day. Simulation data points are fit as a
function of dark matter halo mass and β.
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Figure 3.4: Same profiles as Fig 3.3 but for redshift z ∼ 6 instead.
We fit the data points as a function of dark matter halo mass normalized to the







Our goal is to find M∗,0 and κ. Here, we set β = 0 to give us M∗,0 that only








Now we fix dark matter halo mass and vary β. This gives us M∗ ∝ 10b
′′′β where
b′′′ varies with mass. Thus, we look at how b′′′ depends on mass to find κ(β) to








At β = 0, we see stellar mass is directly proportional to dark matter mass. As
β increases, we see slight convergence of M∗. This is more evident for z ∼ 6 than
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for z ∼ 10. However, this effect is not as crucial as the effect for final effective
radii.
3.3 Stellar Mass Surface Density
We have fit data to effective radius and stellar mass models. Therefore, we use
these models to derive the stellar mass surface density model using (2.9). This is
a natural step to ensure each model can be derived from the other two. We find a
stellar mass surface density model to fit its data points as shown in Fig. 3.5 and
Fig. 3.6.
Figure 3.5: Average stellar mass surface density profiles for redshift z ∼ 10.
Legends represent dark matter halo masses of the present day. Simulation data
points are fit as a function of dark matter halo mass and β.
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The overall scatter in stellar mass surface density is small compared to final
effective radius and stellar mass. Some simulation points overlap the others which
indicate stellar mass surface density may be independent of mass. For redshift
z ∼ 6, in particular, it seems mass dependence is minimal. We find our stellar
mass surface density model fits worse than the previous models especially at β ∼
0.5. However, it is important to note we have assumed Gaussian distribution
of simulation data; the model’s validity cannot be concluded without taking the
distribution of the scatter into an account. Also, we fit stellar mass surface density
using two previous models where they too had some discrepancies. In addition, it
is interesting the fitted lines all intersect at one point. This may be a consequence
from combining our radius and stellar mass models.
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4 Conclusion
In this thesis, we have characterized stellar halos in dwarf galaxies. We fit-
ted simulation data to our models as a function of dark matter halo mass and a
parameter β which determines how much stellar mass we expect for a given dark
matter halo mass. As we have expected, with no star formation, all three charac-
terizations of stellar halos decrease as β increases. Additionally, as β increases, it
dominates the behavior of these characterizations over dark matter halo mass.
From our simulations, we have found the size of stellar halos is independent of
redshift. Redshift’s significance becomes more evident in stellar mass with stellar
mass accumulated from z ∼ 6 being greater than that from z ∼ 10 by a factor
of ∼ 3. Since we know the relationship between the size of stellar halos and the
stellar mass, we then expect the ratio of stellar mass surface density for z ∼ 6
and z ∼ 10 to be ∼ 3. Indeed, this is evident in our graphs. Redshift also has an
impact on the dark matter halo mass dependence of the three characterizations
we have explored. At each β, simulation data points are less scattered for z ∼ 6
than for z ∼ 10. This is most likely due to the fact that we can expect more
possible ways galaxies can merge for higher redshift. This tells us as we get to
lower redshift, mass dependence becomes more trivial.
In the future, these models could be tested by comparing with observational
data. This could potentially direct us towards finding β value that corresponds
with the behavior of ghostly halos. Then, dark matter mass would be varied at the
fixed β which could be used to determine the typical masses of the smallest and
faintest galaxies that have ever formed. Another area to examine is distribution
of simulation data points. Distribution will indicate the accuracy of simulation
data points since, in this study, we have assumed a Gaussian shape. Also, signif-
icance of redshift will be further examined by looking at other redshifts. Finally,
the intersection point of stellar mass surface density lines will be investigated to













Table A.1: Listed are the parameter values for final effective radius, stellar











Table A.2: Same parameters as Table A.1, but for redshift z ∼ 6 instead
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